Dissolution-DNP is a method to create solutions of molecules with nuclear spin polarization close to unity. The many orders of magnitude signal enhancement have enabled many new applications, in particular in vivo MR metabolic imaging. The method relies on solid state Dynamic Nuclear Polarization at low temperature followed by a dissolution to produce the room temperature solution of highly polarized spins. This work describes the present and future of dissolution-DNP in the mind of the author. The article describes some of the current trends in the field as well as outlines some of the areas where new ideas will make an impact. Most certainly, the future will take unpredicted directions, but hopefully the thoughts presented here will stimulate new ideas that can further advance the field.
Introduction
Since the earliest days of magnetic resonance, various concepts of enhancing the signal-to-noise ratio by increasing the nuclear spin polarization above thermal equilibrium have been conceived and investigated. Magnetic Resonance is inherently an insensitive method. The energy of a nuclear magnetic moment in any magnetic field that can be produced, is small compared to thermal energy at room temperature, causing the nuclear alignment to be weak. For spin ½ the spin polarization is expressed by the MaxwellBoltzmann statistics
The detected signal is proportional to the polarization, P. At a typical clinical imaging field strength of 3 T and room temperature the polarization of protons is 10 ppm and for carbon-13 it is 2.5 ppm. At a typical NMR magnetic field strength of e.g. 14.1 T (600 MHz 1 H) the proton polarization is 47 ppm and the carbon polarization is 12 ppm. The potential for sensitivity improvement is therefore tremendous; three to five orders of magnitude depending on the nucleus and field strength.
Trivially, the polarization can be increased by raising the magnetic field and lowering the temperature, but there is a limited playground in conventional NMR and MRI. Currently, the highest NMR magnetic field strength is 23 T and for whole body MRI it is 9.4 T. Only in solid state NMR is there any significant room to increase the polarization by lowering the temperature [1, 2] .
Hyperpolarization signifies a spin polarization that deviates strongly from thermal equilibrium. A characteristic of hyperpolarization is that the polarization is often created ex situ, and therefore that cannot be recreated to the initial state. It is a game of "use it
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(smart), or lose it". There are situations where the sample (or hyperpolarization) can be recycled, e.g. melting-DNP [3] [4] [5] or SABRE [6] , but in most cases, the hyperpolarization process is irreversible or destructive: e.g. in vivo metabolism, chemical or cellular reactions, dissolution and hydrogenation.
Several hyperpolarization methods have been developed. Brute force polarization has been investigated to reach high nuclear polarization by going to milliKelvin temperatures in strong magnetic fields. Other schemes like optical pumping, dynamic nuclear polarization (DNP) and parahydrogen-induced-polarization (PHIP) are also wellknown to most scientists in the field. Some of these methods have a long history and have had practical applications like the proton and helium magnetometers and polarized targets in nuclear physics studies.
Hyperpolarization has already made an impact in the fields of chemistry, biology and medicine. The methods have enabled experiments that could not be done otherwise, and have e.g. given new insight into the biochemistry of normal and abnormal cell metabolism.
There is all reason to believe that this field of research will continue for many years with
important discoveries yet to come.
Hyperpolarization
Hyperpolarization entered the field of in vivo Magnetic Resonance Imaging with optical pumping of the noble gases ( 3 He and 129 Xe) for lung imaging [7] . Optical pumping is a scheme of transferring angular momentum from photons (narrow line laser) to electrons in a vapor of e.g. an alkali metal. The electron spin of the alkali metal can be fully polarized and will polarize the nuclear spin of the noble gas by collisional spin exchange. The nuclear signal is thereby enhanced by many orders of magnitude over thermal equilibrium at room [Type here] temperature. Kastler was awarded the Nobel Prize in 1953 for this work. The instrumentation for optical pumping will not be described here, but it is worth noting that in this community, freezing out the hyperpolarized gas for accumulation and subsequently sublimating of the solid with preservation of the polarization is common practice.
PHIP is another elegant method of creating highly polarized nuclear spins in solution through the spin order of para-hydrogen [8, 9] . At a temperature of ca. 20 K the S=0 ground state (para-hydrogen) of molecular hydrogen is fully populated. The conversion from orthohydrogen (S=1) to para-hydrogen is slow and a catalyst is needed (e.g. iron oxide). This also means that para-hydrogen is easily stored and transported at ambient temperature and magnetic field. The spin order of para-hydrogen can then be transferred to a third (or more)
spin by either a chemical hydrogenation of an unsaturated bond or via a transient magnetic interaction mediated by a catalyst [6] . The instrumentation of PHIP is simple, essentially only requiring para-hydrogen to be mixed with the substrate and a catalyst. The introduction of PHIP into the field of medical imaging happened parallel to dissolution-DNP [10] .
Brute-force [11, 12] polarization has been proposed as an alternative to dissolution-DNP. In this scheme, the polarization is achieved by cooling the sample to milliKelvin temperatures in a high magnetic field. The challenge is to overcome the excessively long T1
at low temperature (days) to reach thermal equilibrium. In principle, brute-force polarization does not require formulation with a polarizing agent, like in DNP, but in practice, a relaxation enhancing agent is required to shorten T1. Nor does the magnetic field need to be homogenous. The dissolution-DNP method was published in 2003 [16] : "Increase in signal-to-noise ratio of >10,000 times in liquid state NMR"; a title that attracts attention, but could be misleading. Nevertheless, the message was that a new method of polarizing spins in solution
Dissolution-DNP
had been devised that could enhance the nuclear spin polarization to tens of percent; or 10,000-fold over thermal equilibrium at any achievable magnetic field strength. The example was natural abundance urea that was polarized to 20 %: a 24,000-fold enhancement over 9.4 T. The thermal spectrum on the same sample took 65 hours to acquire with a thousand-fold lower SNR. 27 years of averaging would have been required to reach the same SNR. This translates into a huge increase in sensitivity.
How do we reach unity polarization fast?
The dissolution-DNP method implies polarizing the nuclear spins in the solid state by DNP at low temperature, e.g. 1-2 K, in a high magnetic field, 3-7 T. At temperature and field conditions that are easily achievable, the electron spin polarization is almost unity.
Microwave irradiation close to the paramagnetic resonance causes nuclear spin populations to redistribute and approach the electron spin polarization. This is a slow process at low temperature, minutes to hours, but eventually when high solid state polarization has been achieved, the sample can be dissolved. This is a fast process, a few seconds, on the time scale of nuclear relaxation, and the polarization is preserved into the liquid state. However, the strong nuclear spin polarization in the liquid state relaxes back to thermal equilibrium.
The instrumentation is shown in fig 1A. Choosing the optimal temperature and magnetic field conditions for DNP is not evident. However, recent research suggests that a higher magnetic field strength is beneficial and more easily achieved than a lower temperature. This has been demonstrated for both trityls [17, 18] and nitroxides [19, 20] . The nuclear polarization increases quadratic with field even to a polarization above 70 % for trityl (fig 2) . The reason for the strong field dependence is probably the increase of the nuclear T1 at higher field, whereas the electron [Type here] T1 does not change significantly with magnetic field [21] . This is to be expected for the electron spin, where T1 relaxation is by the direct effect. The nuclear T1 is determined by the electron spin and therefore should exhibit a B0 2 dependence. The temperature dependence of DNP seems to follow 1/T [18] , which is consistent with both the nuclear and electron T1
becoming proportionally longer with lower temperature. In this case, it is only the increased nuclear Boltzmann polarization that we benefit from, when lowering the temperature. The data suggests that it is the ratio of nuclear and electron T1 that is limiting the efficiency of the DNP enhancement. It is likely that we will see in the coming years that dissolution-DNP is moving to even higher magnetic field strength. This is also supported by the availability of robust and compact microwave sources (solid state devices) with reasonable output power, as well as lower loss transmission (e.g. corrugated waveguides and/or low loss electromagnetic modes) and resonant structures. Dissolution-DNP needs to accommodate the dissolution components and isolate the hot solvent from the cryogenic environment. In addition, in particular in the case of the samples for biological studies, the sample is large compared to the wavelength of the microwave field (3.2 mm at 94 GHz in free space).
Therefore, resonant structures are difficult to implement, and so far, the microwave energy has been confined by oversized, low Q structures. It is likely, that dissolution-DNP will also see a development towards sample optimized resonant structures with high Q that will allow the creation of strong microwave B1 fields in the sample.
Narrow line radicals, like trityl and BDPA, are superior for direct polarization of low gamma nuclei in terms of the maximum polarization achievable. In some samples, it is advantageous to polarize the protons with nitroxides and cross-polarize to other nuclei.
Cross-polarization (CP) has been demonstrated by several groups [20, [22] [23] [24] and high polarization in a few minutes can be achieved for these samples. In fig 3 it is shown how the [Type here] 13 C polarization is boosted by multiple CP contacts between 1 H and 13 C. The challenge with CP has been the need for strong B1 fields at the NMR frequencies, required for efficient polarization transfer. The helium environment limits the power that can be applied due to ionization (probe arching). This scheme does provide a general path for high and fast nuclear polarization of low gamma nuclei through the protons. Further development of probe power handling, efficient transfer schemes and sample properties (e.g. 1 H density)
will broaden the applicability and availability of the scheme.
More advanced schemes like the Integrated Solid Effect (ISE) [25] and Nuclear
Orientation by Electron spin Locking (NOVEL) [26] are very demanding in terms of the microwave field. Therefore, these schemes have only been demonstrated at lower frequencies (0.35 T/9.3 GHz) where high Q cavities are available. Generally, these transfer schemes will be difficult to implement for the sample sizes of interest for most dissolution-DNP studies.
In combination with trityl, a low concentration of Gd(III), about a tenth of the concentration of the radical, has been shown to give a dramatic effect on the DNP enhancement: 50-100% increase in polarization [27, 28] . Gd does not affect the nuclear T1, which is unchanged, and does not provide a DNP by itself. The EPR line of the trityl was already effectively homogeneous (fast spectral diffusion). However, the electron spin T1 of the radical was dramatically shortened by Gd from about 1 s to 0.1 s. The data suggests that the ratio of nuclear to electron T1 is a critical parameter [28, 29] . The addition of Gd or another paramagnetic transition metal to enhance the solid state DNP efficiency, is to eliminate or minimize the relaxation effect in the liquid state post dissolution. If the Gd is strongly chelated, the relaxivity to 13 C is low, and the typical quantities needed in the solid [Type here] state has insignificant effect. However, caution needs to be taken to ensure stability of the chelate.
Dissolution-DNP for chemistry, cell and small animal research
Oxford Instruments built the first commercial dissolution-DNP polarizer, the Hypersense (fig 1) . The design is similar to the original PNAS design (fig 1) , but eliminates the operator variability in the dissolution by having pneumatically actuated docking of the dissolution stick and release of the heated solvent. This product has helped many groups to quickly access the technology and explore basic research and applications, primarily in the field of in vivo imaging. Other groups have built similar polarizers [30] [31] [32] [33] , but not deviated significantly in design principles. The Hypersense can be upgraded in various ways, e.g. with larger pumps to lower the base temperature from the specified 1.4 K to below 1.2 K, or the dissolution system to allow larger samples [34] . However, the Hypersense operates at 3.35 T (94 GHz DNP), which is a field strength that at 1.4 K only provides 10-20 % 13 C polarization for typical samples doped with trityl. As previously mentioned the field has advanced to higher field strength. Another consideration with the original design is the leaching of paramagnetic ions from stainless steel parts in the dissolution system. The solvent vessel is heated to typically 180 °C (10 bar vapor pressure for water) with a strong base. Small amounts of paramagnetic ions can typically be tolerated by adding e.g. EDTA to chelate these ions.
For chemistry applications, ultrafast transfer is essential to capture short T1 nuclei.
With shielded magnets, the polarizer and NMR magnet can be placed within a few meters, been demonstrated [35, 36] , but sub-second performance should be feasible and will allow more signal to be retained, and fast relaxing nuclei to be captured. In [36] it was shown that the dissolution is highly inhomogeneous. For samples on the order of 10 µL the mass recovery was >50 % in the first 440 µL (optimized for 5 mm NMR tube), and that this volume could be isolated in the HPLC loop and transferred to the NMR tube. For cells, tissue and perfused organ applications it is equally important that the transfer and mixing is controlled efficiently to deliver reproducible substrate concentration and polarization [37] . The NMR bioreactor should be compatible with a 5 mm NMR probe and good shimming. For all of these in vitro applications, the combination with cryoprobes for further sensitivity gains make perfect sense.
In the case of small animal research, the quality of the in vivo results also depends on reproducible and fast transfer of the hyperpolarized agent. An automated transfer and injection system has been demonstrated [38] . This setup allows transfer of the hyperpolarized agent from the polarizer to the imager in a few seconds. The system also performs an NMR polarization measurement to correct for any variation in the polarization process and transfer. In particular, for agents with short T1, like glucose and bicarbonate, the fast transfer is essential to obtain high quality in vivo spectra. The particular set up is demonstrated with ascorbic acid radical quenching [39] , which has its limitations and disadvantages. Ascorbic acid may not be chemically compatible with the sample and the concentration of ascorbic acid needs to be hundreds of mM to effectively quench the nitroxide. The trityl is stable to ascorbic acid and is most efficiently removed by filtration or extraction. Transfer and infusion systems combined with means of radical removal will be important to the field.
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Typically, low field relaxation is not an issue (dipolar relaxation for small molecules in non-viscous media) and a magnetic field of a few Gauss between the polarizer and NMR is sufficient to prevent non-adiabatic transfer. For some spin (e.g. coupled to a quadrupolar nucleus like 14 N or 35 Cl/ 37 Cl or with radicals with slow dynamics present), the low field relaxation time can be much reduced. In this case, the magnetic field between the polarizer needs to be elevated with e.g. permanent magnets [40] . Enriching with 15 N will also remove the low field relaxation contribution (scalar relaxation of the second kind) [41] , as well as prolong T2 for improved signal acquisition [42] . In rare cases, e.g. long-lived-spin-states [43] , a certain magnetic field may even be optimal for storing the sample, and the sample can be shuttled in and out of the magnet center to a location with the desired magnetic field strength for storage (and evolution of signal, chemical reactions, etc).
Dissolution with immiscible solvents is an elegant way of minimizing the dissolution volume and optimizing it for the application (e.g. 5 mm NMR tube, Shigemi tube or injection volume in a rodent) [44] . It is also an elegant way of extracting the radical to eliminate relaxation [45] . A 5 mm NMR tube requires 400 µL. Shigemi tubes, NMR tubes with smaller diameter or flow probes require even less volume. Dissolving in a volume of a few hundred microliter is challenging from the point-of-view of contact with the cold surfaces of the polarizer. In the current polarizer designs (e.g. Hypersense) the minimal dissolution volume is 3-4 mL. To reduce the effective solute volume by an order of magnitude should be achievable using a two-phase system in the dissolution to extract the sample into the desired phase. The same principle can be applied for small animal studies, where expensive selectively labelled biomolecules need to be dissolved in e.g. 300 µL buffer (maximum injection volume in a mouse). Recently, it has been proposed to use radicals (nitroxides) immobilized on the surface of silica particles [47] . These heterogeneous systems (HYPSO) allow easy separation of the radical, and also do not require any glassing solvent, fig 6. This interesting development could likely be further optimized. However, the results suggest that the DNP efficiency is reduced. The build-up rate constant is reduced and the polarization level is lower than for the similar homogenous formulations. Likewise, it is possible that dissolution efficiency is affected since mobility and diffusion within the pore structure may reduce T1.
It has also been demonstrated that the dissolution can take place external to the polarizer [48] . This was achieved in inhomogeneous systems like HYPSO or impregnated samples. Finely ground particles were impregnated with a nitroxide doped solvent, and the microcrystals were polarized by spin diffusion. The build-up rate constant is reduced, but a long 13 C relaxation of many hours is achieved, and the sample can pass through a low field region with a small loss of polarization when being retracted from the polarizer. is ensured. Closed-cycle cryogenics is demanding considering a temperature of ca. 1 K and the high cooling power required. DNP is slow and higher throughput can be achieved by multi-sample polarization, but methods discussed in the previous section can accelerate the process. Sterility of the product is a strict requirement. Though the method involved is a simple dissolution it is nevertheless a compounding operation that requires several pharmaceuticals to be mixed at quite extreme conditions (e.g. 1 K for the solid sample and 400 K for the solvent). In some cases, the dissolution involves extreme pH and neutralization of the sample. The dose has to be sufficient for human subjects and product safety and efficacy needs to be assured through proper quality control or validation. Sterility of the sample needs to be maintained by a proper sterile barrier. The SPINlab (GE Healthcare, [49] , fig 1) solves some of these problems. It operates at 5 T and 0.9 K in a closed cycle operation.
There is no loss of cryogens in the operation. The cryostat consists of a superconducting magnet with liquid helium, but the cooling power is provided by a cryo cooler. The sample cooling is provided by a sorption pump, which is simply a canister filled with charcoal that will adsorb helium when cooled and releases the helium gas again when heated. The charcoal is cooled by closing a thermal switch connecting the sorption pump to the cryocooler driving the temperature of the charcoal to 5-6 K. The helium gas adsorbs, the pressure drops and the helium bath temperature drops. This can go on until the charcoal saturates and the helium bath runs dry. The adsorbed helium can then be regenerated by opening the thermal switch, heating the charcoal electrically, and condensing the released sample space. This improves throughput and reduces dramatically heat load to helium bath.
By gradually inserting the sample, more than 95% of the sample heat is rejected to the cryocooler and only 30 J ends up in the bath for a 1 g sample. With this design a base temperature of less than 0.9 K can be sustained for more than three days. When the system is heavily used, the heat loads increases, but full day operation is achieved. The system is regenerated overnight to be ready for next day use. Quality control is essential for clinical use of hyperpolarization. Dissolution-DNP does not involve any chemistry, but is a complex compounding process. In the case of pyruvate, the most used formulation is based on pyruvic acid with trityl, and it involves a neutralization step. The pyruvic acid formulation is advantageous since neat pyruvic acid is 14 M, and a human dose can be achieved with ca 1.5 g of pyruvic acid (or 1.2 mL). Other formulations with lower molarity require correspondingly larger sample volume. This is a requirement that needs to be considered for any agent formulation that will be translated to the clinic. In the case of pyruvate, the quality control involves measurement of pH, temperature, volume, pyruvate concentration, radical concentration (to verify removal) and polarization. These measurements are performed optically and by NMR without product contact. The time from start of dissolution to completion of all QC measurements is ca 30 s for the SPINlab. This is impressive, but also illustrates that hyperpolarization for clinical use is a balance between process validation and QC. Even with 30 s, plus the time to injection, significant polarization is lost for agents with relatively short T1 (e.g. glucose with a T1 of ca 15 s). Hyperpolarization in general, pushes the boundaries of "bed side" pharmacy and safety and efficacy needs to be demonstrated by validation or quality control. The position of regulators will be important, and will have significant influence on the medical application of hyperpolarization.
For hyperpolarization to have a role in diagnostic imaging relies on finding indications with a real unmet medical need. The first clinical study with a hyperpolarized injectable was in male patients with confirmed prostate cancer [51] . The study was a s; no detectable lactate in the normal prostate, but a large lactate metabolite signal in the slice containing the cancer. When knowing the pharmacokinetics, the imaging could be initiated at the optimal time point, to generate metabolic maps from an EPSI sequence. Fig 7 shows an example of a patient that had a known abnormality in the right gland on the T2 proton image, but nothing noticeable on the left side. However, the lactate/pyruvate image showed bilateral disease, which was later confirmed by pathology. The above study was performed with prototype polarizer similar to the one described in fig 1A installed in a clean room. Recently, Dr Keshari, MSKCC, reported that the first patients have been imaged with hyperpolarized pyruvate using the SPINlab. With currently about fifteen SPINlabs installed worldwide, the coming years opens up for multi-site clinical trials. For the field as a whole, it is essential that the clinical research generate important results.
Concluding remarks
Dissolution-DNP is a research field in the infancy. However, the science is flourishing. only engineering, but basic scientific breakthroughs. This work describes some of the current trends in field, as well as outlines some of the areas where new ideas will have an impact, with the hope that smarter people will make new discoveries.
